ABSTRACT
INTRODUCTION

1
The human ankle plantar-flexors, soleus (SOL) and gastrocnemius (GAS), have an important 2 biomechanical role during running. Experimental data are available demonstrating that these 3 muscles together produce forces of up to 12 times body weight (BW) during running (Komi, 4 1990 ). Moreover, musculoskeletal modeling studies have demonstrated that during running, 5 the ankle plantar-flexors generate the largest forces of all the major lower-limb muscle 6 groups (Dorn et al., 2012) . As running speed advances towards maximum sprinting, the SOL 7 and GAS must also generate force in an increasingly shorter period of time (Weyand et al., 8 2000; Weyand et al., 2010) . The ankle plantar-flexors are therefore required to contract more 9 forcefully and rapidly with faster running speeds.
10
The muscle-tendon units (MTUs) of the ankle plantar-flexors likely function in a highly 11 complex and tightly integrated manner to generate the force and energy needed to power 12 running (Roberts et al., 1997; Roberts, 2002; Lichtwark et al., 2007) . When compared to the 13 other major human lower-limb muscles, the GAS and SOL have relatively unique designs in 14 that both have short muscle fibers connected to the heel via a long and compliant Achilles 15 tendon. The function of the tendon can influence that of the muscle fibers in such a way that 16 muscle fiber behavior is decoupled from the overall behavior of the MTU, thereby optimizing 17 muscle fiber contractile conditions and minimizing mechanical energy expenditure (Roberts 18 and Azizi, 2011). For instance, in vivo ultrasonography studies of the ankle plantar-flexors 19 have demonstrated that tendon stretch can optimize the regions in which muscle fibers 20 operate on their force-length-velocity relationship during walking and slow speeds of running 21 (Fukunaga et al., 2001; Ishikawa et al., 2005; Lichtwark et al., 2007; Farris and Sawicki, 22 2012). Furthermore, musculoskeletal modeling studies investigating the function of the ankle 23 plantar-flexors during walking and running have calculated the contributions of muscle fiber 24 work and tendon elastic strain energy to the mechanical energetics of the MTU (Hof et al., 25 2002; Sasaki and Neptune, 2006) . These studies have demonstrated the ability of tendons to 26 store strain energy and contribute to the mechanical work done by the ankle plantar-flexors 27 during running. Cadaveric studies have also shown that the substantial capacity of the 28 Achilles tendon to store elastic strain energy can reduce muscle fiber work and metabolic 29 energy expenditure (Alexander and Bennet-Clark, 1977; Alexander, 1987; Ker et al., 1987) . 30 Importantly, however, all of the aforementioned studies have been limited to running speeds 31 no greater than 5 m/s. We were therefore interested in understanding how the contribution of 32 tendon elastic strain energy to the mechanical work done by the MTU varies across the complete spectrum of human running speeds. Specifically, what happens as running speed is 1 advanced towards maximum sprinting? 2 It has been postulated that the utilization of tendon elastic strain energy is enhanced with 3 increased running speed (Cavagna, 2009) , which is consistent with findings that have 4 highlighted the discrepancy in mechanical work done and metabolic energy expenditure 5 during locomotion (Cavagna et al., 1964; Cavagna et al., 1977; Cavagna and Kaneko, 1977; 6 Heglund et al., 1982) . Specifically, the efficiency of generating positive work is greater than 7 what would be predicted from muscle shortening alone, with this disparity increasing steadily 8 with running speed. Such observations suggest that tendons contribute proportionally more 9 positive work as running speed increases, thus allowing the muscle fibers to operate more 10 efficiently than would be the case if tendon elastic strain energy were not utilized (Alexander, 11 1988 (Alexander, 11 , 2002 Roberts, 2002; Biewener, 2003) . Several animal studies have demonstrated that 12 the magnitude of elastic strain energy recovery increases with locomotion speed, for example, 13 in running turkeys (Roberts et al., 1997) and galloping horses (Biewener, 1998b; Harrison et 14 al., 2010) . Furthermore, a study investigating the lateral GAS and plantaris muscles of 15 wallabies at various steady-state speeds found that as speed increased, the contribution of 16 tendon elastic strain energy to the positive mechanical work done by the MTU also increased, 17 accounting for 92-97% of the positive work done by the MTU at faster hopping speeds 18 (Biewener and Baudinette, 1995; Biewener et al., 1998) . However, the influence of running 19 speed on the storage and recovery of tendon elastic strain energy in the human ankle plantar-20 flexors requires further investigation.
21
In the present study, experimental gait data were used in conjunction with three-dimensional 22 musculoskeletal modeling to investigate the mechanical interaction between muscle and 23 tendon components of the human ankle plantar-flexors as running speed increased from 24 jogging to sprinting. The specific aim was to calculate the contributions of tendon elastic 25 strain energy and muscle fiber work to the positive mechanical work done by the MTU for 26 SOL and GAS during stance as a function of running speed. We hypothesized that ankle 27 plantar-flexor muscle performance is enhanced at faster running speeds primarily because 28 tendon elastic strain energy contributes a greater proportion of MTU positive work during the 29 stance phase of the stride cycle.
30
RESULTS
1
Model-based muscle fiber length changes and mean muscle activations were consistent with 2 data obtained from ultrasound measurements reported in the literature and experimentally 3 recorded mean EMG activity, respectively (Figs. 1 and 2; see also Supplementary Material).
4
For GAS, both model-based and ultrasound-measured muscle fiber length changes underwent 5 a stretch-shortening cycle during the stance phase for walking at both moderate (1.5 m/s) and 6 fast speeds (2.1 m/s), a behavior that was noticeably absent for running (2.1 m/s and 3.5 m/s).
7
A progressive increase was observed in the magnitude of the mean EMG activity measured 8 for SOL and the two sub-regions of GAS (medial gastrocnemius (MG) and lateral 9 gastrocnemius (LG)) with each increment in running speed. Mean model-based muscle 10 activations displayed similar relative increases in activation with faster running.
11
We observed differences in MTU, muscle fiber and tendon lengths and velocities with 12 increased running speed for SOL and GAS. In both muscles, muscle fiber length change was 13 decoupled from MTU length change, irrespective of running speed (Figs. 3 and 4) . For 14 example, during mid-stance for sprinting, the MTU lengthened and then shortened, whereas 15 little change occurred in muscle fiber length. Muscle fiber length change remained small 16 relative to MTU length change for both muscles across all running speed increments, 17 especially during the period of high force development where the change in muscle fiber 18 length became smaller with faster running (Fig. 5) . Specifically, as running speed advanced 19 from 2.1 m/s to sprinting, peak muscle fiber length change decreased from 5.1% and 4.4% of 20 the optimal fiber length to 1.7% and 2.1% for SOL and GAS, respectively, during the time 21 when the force developed by each muscle exceeded 80% of its peak force (Fig. 5) . In 22 addition, the length of the muscle fiber when peak force occurred became increasingly shorter (Fig. 6 ).
26
MTU shortening velocity also increased with running speed for both muscles (Figs. 3 and 4) . half of stance at all running speeds (Dorn et al., 2012; Hamner and Delp, 2013) . It has been 4 postulated that these muscles favor utilizing tendon elastic strain energy over muscle fiber 5 work (Biewener, 1998a; Lichtwark et al., 2007) , and that tendon elastic strain energy is 6 enhanced when running speed advances towards maximum sprinting (Cavagna and Kaneko, 74% with faster running, whereas for GAS, it remained relatively constant around 65% 16 across most running speeds before increasing to 75% when sprinting (Fig. 7 ).
17
The musculoskeletal modeling approach used in the present study was Pandy and Andriacchi, 2010; Miller et al., 2011; Dorn et al., 2012) . Although other criteria, 30 such as maximizing muscular power generation (Cavagna et al., 1971; Ward-Smith, 1985) , 31 may potentially be more applicable for time-dependent locomotion tasks like maximum sprinting, they are unlikely to apply at submaximal running speeds. Third, the predicted 1 muscle fiber behavior for SOL and GAS is likely sensitive to the tendon mechanical GAS across a range of running speeds (2.7 -5.4 m/s). They found that tendon contributed 24 59% and 77% of MTU positive work for SOL and GAS, respectively, for running at 3.1 m/s.
25
These data are similar to the present study, where tendon contributed 59% and 66% for SOL 26 and GAS, respectively, at a comparable running speed (3.5 m/s). would affect the calculated GAS force, as the force-producing constraint imposed on GAS by 6 the knee joint was not included in these studies (Fraysse et al., 2009 ). In addition, the simple 7 inverse dynamics-based approach used by Hof et al. (2002) and Farris and Sawicki (2012) 8 did not take into consideration the intrinsic muscle properties in predicting muscle forces.
9
Despite the methodological differences amongst studies, the common finding is that tendon 10 elastic strain energy contributes a greater proportion of the MTU propulsive work developed 11 by the ankle plantar-flexors compared to muscle fiber work during running.
12
Our estimates of tendon elastic strain energy are also consistent with those obtained from 7, top panels).
22
To the best of our knowledge, the present study is the first to quantify muscle fiber and study demonstrated that muscle fiber shortening velocity for SOL and GAS remained low 31 throughout the period of high force development, irrespective of running speed (Fig. 6 ).
Previous studies investigating the behavior of the lateral GAS in the turkey and the wallaby 1 found similar near-isometric muscle fiber contractions, irrespective of locomotion speed 2 (Taylor, 1994; Roberts et al., 1997; Biewener et al., 1998; Gabaldón et al., 2008) . Muscle 3 fiber length change for the human ankle plantar-flexors has also been observed to be small 4 during running in experimental studies involving dynamic ultrasound recordings (Lichtwark 5 et al., 2007; Farris and Sawicki, 2012; Rubenson et al., 2012; Cronin and Finni, 2013) propulsion (Bobbert et al., 1986; Proske and Morgan, 1987; Kubo et al., 2000) . Hence, the 32 results from the present study suggest that the elastic recoil of the tendon in the ankle plantar-flexors has an important role in allowing faster running speeds to be achieved. This premise 1 is entirely consistent with the reduction in maximum sprinting speed that has been predicted 2 to occur if the force-extension properties of the Achilles tendon are neglected (Miller et illustrated by the operating regions of these muscles on their F-L curves. Specifically, the muscle fiber operating regions for SOL and GAS shifted down the ascending limb of the F-L 1 curve when running speed increased (Fig. 6 ). It is likely that the observed increase in EMG 2 activity with faster running (Fig. 2) accordance with SENIAM recommendations (Hermens et al., 2000) . A test leg was randomly 10 selected and EMG activation was measured from three muscles: medial GAS, lateral GAS 11 and SOL. To generate a linear envelope, EMG data were rectified and then low-and high- activation with faster running. We also collected these data to generate an independent 17 measure that could be used to verify our musculoskeletal model outputs (see details below).
18
Musculoskeletal model (Fig. 8b) . The architecture of the MTU was defined by the lengths of the muscle fibers and tendon and the pennation angle of the muscle, defined as the angle of insertion of the 1 muscle fibers relative to the long axis of the tendon. The perpendicular distance between the 2 origin and insertion points (i.e., muscle width w) was assumed to be constant. Because the 3 muscle contracts at a constant volume (Matsubara and Elliott, 1972; Otten, 1988; Zajac, 4 1989), the assumption of constant muscle width meant that the pennation angle increased 5 during muscle contraction.
6
The ankle plantar-flexor muscles, SOL and GAS, were modeled as two separate MTU modulus and cross-sectional area divided by tendon slack length (Zajac, 1989) . Tendon 14 elastic modulus was assumed to be 1.2 GPa for all MTUs (Zajac, 1989) , and tendon cross-15 sectional area was assumed to be proportional to the corresponding peak isometric muscle 16 force (Muraoka et al., 2005) . Achilles tendon stiffness was partitioned between the SOL and 17 GAS MTUs using the ratio of peak isometric force to tendon slack length (Zajac, 1989) . on the participant (Lu and O'Connor, 1999) .
26
Calculation of muscle forces and activations
27
Lower-limb muscle forces were determined by applying inverse dynamics in conjunction 28 with a static optimization approach (Anderson and Pandy, 2001 ). The measured ground 29 reaction forces and joint motion were used to compute the net joint torques developed about the back, hip, knee and ankle joints (Winter, 2009) . Static optimization was then used to 1 decompose the net joint torques into a set of muscle forces at each discrete time point, such 2 that the sum of all the muscle activations squared was minimized in accordance with the 3 force-length-velocity properties of the muscle (Kaufman et al., 1991; Anderson and Pandy, 4 2001). The muscle forces predicted by static optimization were also constrained to produce 5 the net joint moments calculated from inverse dynamics with muscle activations bounded 6 between zero (no active muscle force) and one (maximum active muscle force).
7
Muscle fiber and tendon mechanical work In vivo measurements from ultrasound of GAS muscle fiber lengths were reported by Farris and Sawicki (2012) . Note that the data reported by Farris and Sawicki (2012) for running correspond to rear-foot strikers. In order to compare the data, muscle fiber lengths were converted to the same units of measurement (i.e.
expressed as a percentage of the total change in muscle fiber length that occurred from foot strike to toe-off). For consistency, the model results shown correspond to participants that exhibited a rear-foot strike pattern during running (n = 3). MTU, muscle fiber and tendon length changes were normalized by the resting MTU length, optimal fiber length and tendon slack length, respectively. MTU length ( mt l ), defined as the distance between the origin and insertion points, and muscle pennation angle (α) were used to compute muscle fiber and tendon lengths ( m l , t l ), muscle fiber and tendon shortening velocities ( m v , t v ) and muscle and tendon forces ( m F , t F ). Muscle width was defined as the perpendicular distance between the origin and insertion points (w).
(C) Active muscle force development was constrained by the muscle's force-length-velocity relationship which is governed by three parameters: peak isometric muscle force ( Tendon was represented as a nonlinear elastic material whose mechanical behavior was governed by its stiffness and slack length. LG high pass filtered EMG activations. Time was normalised to stride cycle beginning and ending at contralateral toe-off. Model-based activations and EMG activations were normalised by the mean model-based activation and mean EMG activation calculated for the maximum sprinting condition, respectively. Note that the running speeds indicated are for one representative subject, and hence, may slightly differ to the group mean ±1SD running speed.
